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Abstract

Objectives and Method of Approach

The objective of the program is to develop improved methodology for modeling turbomachinery flow
fields.  Specifically, it will address the deficiencies of the stress tensor models in steady-state 3-D
Navier-Stokes models used for the design of turbomachinery components.  Since the derivation of
the average-passage equations clearly shows that the deterministic features of the turbomachinery
flow contribute to the mixing stress tensor and stress tensor modeling does not address these
contributions, the approach is to directly measure the mixing stress tensor in a high-speed
turbomachinery component.  Advanced analysis tools will be used to resolve the random and the
deterministic components of the mixing stress tensor and a model will be developed from the
governing equations with an appropriate change in the frame of reference.  These models will be
tested in Navier-Stokes solvers available at Allison.

The overall objective is to provide models and tools for improved methodology for the design of high
efficiency turbomachinery and drastically reduce the time required for the design and development
cycle.  This methodology will replace present day approach based on empiricism and extensive
testing.  

The proposed research consists of three tasks:

C Experimental investigation of three-dimensional steady and unsteady flow field in multi-
stage turbomachinery, including analysis and processing the data required for modeling
multi-stage turbomachinery flows.  Statistical analysis of the data acquired will be carried
out to identify flow events at various scales using conventional and wavelet technique.  The
wavelet analysis should lead to identification of sources not associated with blade or shaft



frequency and involves decomposition of “unresolved unsteadiness” to derive random
fluctuations and other sources of unsteadiness.

C Modeling of multistage flow field using the data acquired.  The modeling will involve order-
of-magnitude analysis of various sources associated with unsteady flow and its importance
in the performance and design of turbomachinery.

C Incorporation of the model in Navier-Stokes code to predict flow field in multistage and
single stage turbomachinery, including aerodynamic losses.  Allison personnel will
incorporate this in their proprietary code and Penn State will incorporate this in their three-
dimensional Navier-Stokes code.  The background and the method of approach used in
accomplishing these tasks are given below.

Results and Accomplishments

The computational and experimental studies performed during this study were based on the
Pennsylvania State University Research Compressor (PSRC).  The PSRC employs a 3-stage axial
flow compressor consisting of an inlet guide vane row and three stages of rotor and cantilever-
mounted stator blading with a rotating hub.  An area traverse mechanisms is available for detailed
area traverse of 1 ½ passages downstream of stator 2, downstream of rotor 3, and downstream of
stator 3.  Four different types of probes (five-hole probe, aspirating probe, single sensor slanted hot
wire, and thermocouple probe) can be traversed using the mechanism.  The PSRC facility is unique
in that the blade loading (average blade section diffusion factor near 0.438) and the rotational speed
(tip Mach number near 0.5) are roughly equivalent to an embedded portion of a modern, high speed
gas turbine compressor.  This makes the PSRC facility a unique vehicle through which realistic
studies of multistage compressor aerodynamic mixing can be performed.

Slanted hot film measurements (4 rotations) at the exit of stator 2 indicate that the stator wakes, hub
leakage flow region, hub boundary layer scraping region, and the casing endwall suction surface
corner are regions of highly three-dimensional and unsteady flow.  These “apparent” stresses were
most significant in the stator wake and suction side casing endwall corner and increased significantly
with compressor loading.  The flow in the suction side casing endwall corner was identified as being
the dominant source of flow unsteadiness to the downstream rotor.  Measurements indicate that the
unresolved flow unsteadiness was everywhere larger than that of the total periodic unsteadiness with
the exception of the stator wake regions.  Oscillations of the structure frequencies due to various flow
interactions may act to average out unsteady periodic flow structures.  Both the revolution and blade
periodic components were seen to be larger than the revolution and blade aperiodic components and
suggests that the aperiodic components of flow unsteadiness can be neglected relative to the periodic
components in the modeling.  “Apparent” deterministic stresses measured at the exit of the stator
passage arose due to an ensemble averaging technique applied to the temporal variation of the
upstream rotor flow.  These “apparent” stresses were most significant in the stator wake regions.  An
attempt to derive a deterministic mixing coefficient relating the deterministic stresses to the mean flow
was not feasible.  The five-hole probe measurements carried out at the exit of the rotor 3 indicate that
the stator 2 wakes still persist and the defect and the width of the stator wakes are appreciable.  A
new wake correlation for the decay of the stator wake through a rotor blade row has been developed.



Correlations are  presented which accurately model the decay of the maximum defect in total velocity
of the stator wake as it passes through the rotor passage.

A wavelet analysis of the unsteady pressure and temperature data at the exit of the stator 2 has been
carried out using Morlet’s wavelet.  This analysis indicates that the flow at midspan consists mainly
of high frequency content, while those near the casing and hub are composed of various frequency
components.  These frequencies are lower than blade passing frequency and show nonlinear
interaction with different frequency components.

The Allison personnel have predicted the flow in the multistage compressor.  The predicted results
for the 3 ½ stage Penn State research compressor were obtained using two different inter-blade row
coupling techniques.  The first technique, referred to as a mixing plane, was employed to characterize
the overall performance of the compressor and to evaluate the ability to predict detailed flow features
such as blade wakes, endwall flows, clearance vortices, etc.  The second technique, referred to as
rotor/stator interaction, provides detailed evaluations of the time-dependent flow features resulting
from the relative motion of adjacent blade rows in turbomachines.  These time-dependent fluctuations
form the basis for the deterministic mixing stresses which are believed to be of significant importance
in multistage compressor flows.  The deterministic stresses resulting from the time-dependent solution
were computed and compared with experimental results.  These calculations and the detailed time-
dependent test data taken from the PSRC facility have led to the development of a preliminary
computational model designed to incorporate the time-averaged effects of multistage turbomachinery
deterministic unsteadiness into a rapid 3-D Navier-Stokes solution algorithm.  Coding of this
preliminary model is underway, and quite promising early results are now available.

Application and Benefits

The results of this program are of great interest to the Gas Turbine Industry and has potential benefits
in several manners.  If suitable modeling procedures for multistage compressor flows were available,
then it is likely that significant improvements in multistage compressor (and turbine) performance and
design cycle cost and time could be achieved.  Given the ability to accurately account for these
multistage mixing effects, an estimated 2 - 3% improvement in compressor adiabatic efficiency and
a 5% or greater improvement in compressor surge margin over current compressor designs might be
achieved.  Perhaps of greater importance is that the ability to rapidly analyze and alter compressor
design with confidence using multistage CFD tools would result in an estimated reduction of one year
in compressor development time and a savings of over $1,000,000 in compressor development cost.
Clearly then, on the basis of economics alone, there is a strong industry motivation to develop
accurate multistage compressor flow modeling tools.

Future Activities
Future activities would include complete survey of the flow field at the exit of rotor, using high
response hot film and aspirating probes.  This data will be used to develop “apparent” and mixing
stress models and tested in the analysis code developed by Allison Engine Company.

This research is sponsored by METC through SCERDC (through Sub Contract 95-01-SR036) with Dr. Daniel Fant as the
contract monitor.
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